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The environment at the Moon is dynamic, with highly variable solar wind plasma conditions at the lunar dayside, terminator, and
night side regions. Moving objects such as rover wheels will charge due to contact electriﬁcation with the surface, but the degree of charg-
ing is controlled by the local plasma environment. Using a dynamic charging model of a wheel, it is demonstrated herein that moving
tires will tribocharge substantially when venturing into plasma-current starved regions such as polar craters or the lunar nightside. The
surface regolith distribution and the overall eﬀect on charge accumulation of grains cohesively sticking to the rover tire has been incor-
porated into the model. It is shown that dust sticking can limit the overall charge accumulated on the system. However charge dissipation
times are greatly increased in shadowed regions and can present a potential hazard to astronauts and electrical systems performing extra-
vehicular activities. We show that dissipation times change with wheel composition and overall system tribocharging is dependent upon
wheel velocity.
Published by Elsevier Ltd. on behalf of COSPAR. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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The Moon is immersed in solar wind plasma and any
object on the surface is subject to electrostatic charging
that attempts to balance the net ﬂux from all charge parti-
cle sources. These charged particle sources are photoelec-
trons (emitted by incident solar UV), plasma electrons,
plasma ions and surface-emitted secondary electrons
(Manka 1973). If the object is stationary, the object will
develop an electric potential consistent to balance all cur-
rents drawn from the surrounding environment. However,
object charging can become more vigorous and dynamic
when the object is moving through the regolith due to the
additional charging source: contact electriﬁcation at the
regolith-wheel interface (i.e., tribocharging) (Farrell et al.,
2008; Jackson et al. 2011).http://dx.doi.org/10.1016/j.asr.2014.12.027
0273-1177/Published by Elsevier Ltd. on behalf of COSPAR.
This is an open access article under the CC BY-NC-ND license (http://creative
⇑ Corresponding author.
E-mail address: Telana.L.Jackson@nasa.gov (T.L. Jackson).Objects roving over the lunar surface will charge diﬀer-
entially relative to the surface, and in plasma-starved
regions may charge to levels that create electrostatic dis-
charge concerns. However, the conducting plasma can
reduce such tribocharge buildup, by providing environ-
mental charge that remediates excess charge on the object.
In essence, the medium is conductive due to the presence of
ﬂowing solar wind plasma and photoelectrons. However,
there are some locations on the Moon and on airless bodies
where there is an absence of substantial plasma in the local
environment, such as within trailing wakes and lunar polar
craters. Such solar wind obstructed locations have a lower
plasma content leading to relatively longer electrical dissi-
pation times for charging objects (Jackson et al. 2011).
We present here a model of a rover tire moving over reg-
olith and immersed in a conductive plasma. This model is
an adaptation of the astronaut stepping model from
Jackson et al. (2011) We apply an electrical rover tire
model to determine the dissipation times for a continuouslycommons.org/licenses/by-nc-nd/4.0/).
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the surrounding plasma; this exercise is performed at vari-
ous locations on the lunar surface. These locations include
the photoelectron-rich dayside of the Moon, electron-dom-
inated night side, the depleted plasma environment within
a lunar polar crater, and the lunar terminator. Wheel
charging in a polar crater environment will be especially
examined since such a region is a target for exploration.
A rover tire/regolith triboelectric generator expression is
formulated along with an expression to account for the
adhesion of lunar dust to the wheel. Details will be dis-
cussed in Section 2. The dynamical charging equations
for the wheel are then solved including the wheel triboelec-
tric source term, dust adhesion, and charging loss/dissipa-
tion terms associated with plasma currents.
Wheel charging behavior is calculated while other
parameters are varied, i.e., regolith grain size, wheel type,
wheel speed and sticking factor. Our primary objective is
to gain a fundamental understanding of an object’s electri-
cal interaction with the charged dusty surface and sur-
rounding environmental plasma under varying
conditions. In the process, we will also identify electrostat-
ically challenging regions like those within polar craters.
1.1. Plasma environment on the Moon
The lunar surface is exposed to solar energy in the form
of UV radiation and solar wind plasma. The solar wind
plasma is a variable ﬂow of ions and electrons nominally
at 5 el/cm3, typically propagating radially from the sun at
400 km/s (Dessler 1967). The lunar surface will charge
in an attempt to balance all the currents, including UV-
released photoelectrons. For this study, we consider cur-
rents originating from photoelectrons, plasma electrons,
plasma ions and secondary electrons.
Fig. 1 shows the driving currents (Je, Ji, Jp, Js) and sur-
face potentials in dayside, terminator, and nightside
regions. These currents are the electron, ion, photoelectron
and secondary currents respectively. On the lunar dayside,
the solar UV photons are energetic enough to release sur-
face electrons (photoelectrons) with a current of Jp -
 4 lA/m2. Since the photoelectrons are the dominant
current, a surface potential of a few volts positive developsFig. 1. Lunar driving currents and surface pot(Manka 1973; Freeman and Ibrahim 1975; Poppe and
Horanyi 2010; Farrell et al., 2013).
At large solar zenith angles (SZA) both solar radiation
and solar wind ions ﬂow onto the surface at more oblique
angles. In contrast, the warm, near-isotropic electron ﬂux
still has full access to the surface. With reduced inﬂowing
ions and outgoing photoelectron ﬂux, the surface potential
at a large SZA will be slightly negative with regards to the
dayside surface potential. The transition from positive to
negative surface potential has been modeled to be near
an SZA of 70 (Farrell et al., 2007) but will vary based
on topography.
Due to the absorption of solar wind plasma on the lunar
dayside, a plasma wake or void develops on the night side
having a substantially lower plasma density and progres-
sively increasing electron temperature with increasing
SZA beyond 90 (Farrell et al., 2007, Ogilvie et al. 1996;
Halekas et al. 2005). The rariﬁed energetic electron ﬂux
to the surface is therefore the dominating current, causing
the night side surface to charge strongly negative to near
40 V just nightside of the terminator to below 200 V
at the anti-solar point (Manka 1973; Freeman and
Ibrahim, 1975).
The lunar surface is essentially non-conductive, i.e.,
there is no interior “ground” potential (Walton 2007),
which brings about spatially and temporally varying sur-
face charging (i.e., dayside electrically isolated from night-
side etc.). The non-neutral plasma eﬀects are conﬁned to a
near-surface sheath boundary, which essentially shields the
charged surface from the solar wind plasma, and whose
vertical height is functionally dependent on the plasma
density and temperature. The sheath size is also indicated
in Fig. 1.
The local topography has a signiﬁcant eﬀect on the
inﬂow of plasma electrons and ions that reach the surface.
Consider a crater located in the lunar polar region. The
same way a plasma void is formed on the anti-sunward side
of the Moon, a similar void is created on a local scale when
the solar wind ﬂows horizontally over a polar crater. A
mini-wake is created on the leeward side of the crater edge
due to the absence of inﬂowing solar wind: fast thermal
plasma electrons expand along magnetic ﬁeld lines into
the void downstream of the crater wall ahead of the ions,entials including photo and plasma sheath.
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(Farrell et al., 2010; Zimmerman et al. 2011; Jackson et al.
2011). Fig. 2 illustrates this plasma expansion into the
polar crater.
Immediately behind the leeward edge of the crater, an
electron rich region called an “electron cloud” (Crow
et al. 1975) is created where electrons with higher thermal
velocities move into the void ahead of more massive ions.
Fig. 3 of Zimmerman, 2012 shows a simulation of the lee-
ward crater edge with incoming solar wind electron ﬂux
being balanced by surface-released secondary electrons,
and this electron ﬂow dominates over the ion ﬂux. This
electron–ion charge separation in turn creates an ambipo-
lar electric ﬁeld along the wake ﬂank that deﬂects horizon-
tally ﬂowing ions into the region at the far edge of the
crater (Farrell et al., 2010; Zimmerman et al. 2011;
Jackson et al. 2011). Since the far edge of the crater has
increased exposure to solar wind ions, the crater ﬂoor in
this region will be less negative than that leeward of the
crater edge.
1.2. Lunar regolith
An important part of the lunar surface electrical envi-
ronment is the electrical properties of the regolith. Made
up of basaltic dust, soil, rocks, and irregular clusters of
agglutinates, this regolith was produced by the long term
eﬀect of micrometeorite impact and gardening on the lunar
surface. The average grain size of the regolith is 70 lm,
and is comparable to terrestrial volcanic ash. These grains
have a very low electrical conductivity, allowing charge to
be retained (Carrier et al. 1991). The irregular grain shape
contributes to its physical adherence to objects on the lunar
surface. Electrostatic forces and cohesive forces also play a
role in the adhesion of lunar grains. As a rover moves
along the surface, it is expected that dust will stick to the
tires due to such adhesive eﬀects.
How does this sticking dust aﬀect the charge generation
of a roving vehicle? In order to investigate the phenomenon
of dust sticking and cohesion, we performed preliminary
calculations to determine the dominate force on a grain
of a given size, in lunar gravity and to a wheel moving at
diﬀerent speeds (to determine the inertial forces for grain
release). In tabular form, we calculated the various forces
on grains attached to a wheel. It was found that at allFig. 2. Illusttration of solar wind deﬂection intlocations and speeds, cohesion dominates for small grains
(4.9–312.5 lm), causing them to stick to any roving
object. When moving fast (x = 2p), gravity and inertial
forces cause 1.25 mm and larger grains to be removed.
However, on the dayside at medium and slow speeds
(x 6 0.2p), even grains as large as 1.25 mm can stick due
to cohesion and increased temperatures on the surface that
act to weaken molecular bonding (Hartzell and Scheeres
2011). The dominance of cohesion for small grains at the
Moon is consistent with ﬁndings of Scheeres et al.
(2010)and similar to their analysis that found that lunar
gravity and cohesive forces are equal at a grain radius of
2 mm (see their Table 1). On the Moon, grain surfaces
are “cleaner” at the molecular level than they are here on
Earth due to the lack of a substantial lunar atmosphere.
In the absence of a contaminating molecular barrier, grain
molecules can reside directly in the attractive Van der
Waals potentials of adjacent grain molecules, creating
cohesive bonds that can be stronger than in an atmosphere
coated grain like those on Earth (Scheeres et al. 2010).
When considering a rover with rolling wheels, cohesion
dominates for small grains below 1.25 mm, allowing such
particulates to stick and eventually coat the rover wheel.
This coat of dust will aﬀect the wheel/regolith interface
by changing the charging interaction from a wheel/dust
tribocharge exchange to a dust/dust tribocharge exchange.
This dust coating eﬀect is included in the model.
1.3. Objects in the lunar electrical environment
Like the surface of the Moon that charges due to direct
interactions with the solar wind and photonic emissions, an
object located on the surface will charge via the plasma
environment formed within the overlying lunar sheath.
The lunar sheath is a non-neutral plasma that shields the
charged lunar surface from the surrounding solar wind
plasma, forming a potential drop that forces the net current
to zero at the surface. The potential of a small object
immersed in the sheath, /obj, is deﬁned by all local environ-
mental currents that reach it, and will diﬀer from the lunar
surface potential due to diﬀering secondary electron ﬂuxes
and development of the object’s own sheath. As such, at
the surface, the potential of an insulating object will also
diﬀer from that of a conducting object due to the diﬀerent
secondary emission characteristics of each object.o a polar crater (From Farrell et al. (2010).
Table 1
Electron, ion and secondary electron currents for various lunar surface
regions.
Current Day Term Night Crater Far edge
Jeenv (A/m
2) 1  106 3.52  108 4  1010 5.1  1010 1.6  108
Jienv (A/m
2) 3.2  107 3.52  108 4  1010 1.6  1011 7.5  109
Jsenv (A/m
2) 0 0 4  1011 5.1  1010 4  109
Jpenv (A/m
2) 4  106 0 0 0 0
Table 2
Wheel equilibrium potentials relative to local surface potential at various
locations.
Wheel Day Term Night Crater Far edge
MET 0.42 4.1 2.3 34.6 7.8
LRV 4.62 0.96 2.7 18.6 1.09
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the rover will charge to an equilibrium value
d/obj
dt ¼ 0
 
based on environmental currents, including rover-emitted
photoelectron emission and secondary electron emission.
However, when in motion, the system becomes dynamic
d/obj
dt ne 0
 
, due to a tribocharging source. Static current
balance within the nightside negatively charged plasma
sheath at the object surface is derived in Farrell et al.
(2010)and formulated from Manka (1973):
Jeenv 1 dobjeff
 
e
e/obj
kT e  J ienv þ J senve
e/obj
kT e ¼ 0 ð1Þ
where Jeenv, Jienv and Jsenv are the electron, ion and sec-
ondary current densities of the local environment, Te, Ti
and Ts are the electron, ion, and secondary temperatures.
The eﬀective secondary electron emission coeﬃcient of
the object, dobjeff , is energy-dependent as well as material-
dependent, typically peaking in emission with yields at or
above unity near a few hundred eV. In the relatively cool
solar wind, most of the incident electrons are at energies
well away from the peak values, with solar wind electron-
integrated eﬀective yields <1. In the electron rich photo-
electron dayside sheath, using the same formalism to derive
Eq. (1), static current balance can be expressed as:
Jeenv  J ienve
e/obj
kT i  Jpobje
e/obj
kT pe þ Jpenv ¼ 0 ð2Þ
where Jpobj is the photoelectron current from the object
and Jpenv is the photoelectron current from the surface.
The photoemission eﬃciency g commonly applied for insu-
lators and conductors is g = 0.1 and g = 1 respectively,
allowing the object photoelectron current to be determined
in Eq. (2) by Eq. (10) of Goertz (1989).
Table 1 lists the local electron and ion current densities
at various locations on the lunar surface (the nightside
location point is at 120 from the sub-solar point) from
Farrell et al. (2008), Zimmerman (2012), Farrell et al.
(2013), and the numerous references cited in the ‘Plasma
environment’ Section above. Secondary electron emission
from the lunar surface but now collected on the surface
of the rover is considered. For a typical solar wind plasma,
the electron temperature is 10 eV, whereas in shadow (or
night), Te is higher, thereby increasing the emission of sec-
ondary electrons (Manka 1973; Colwell 2007; Halekas
et al. 2005). The environmental electron currents on the
dayside (Farrell et al., 2013) include both photo-electron
and solar wind electron components. As evident in Table 1,at the leeward edge of a polar crater, the electron and sec-
ondary electron currents are on the same order of magni-
tude. At these locations the ion inﬂow is reduced but
inﬂowing electrons at the surface are relatively warm,
increasing the outﬂow of surface-emitted secondary elec-
trons, with the two components providing equal ﬂux at
the surface. A particle-in-cell model of the eﬀect is shown
in Fig. 2 of Zimmerman et al. (2011).
In this study, we examine two types of rover wheels: The
Modular Equipment Transporter (MET) wheel used dur-
ing the Apollo 14 mission, and the Lunar Roving Vehicle
(LRV) wheel used for the Apollo 15–17 missions. The
MET had rubber tires with a radius of 0.203 m, was towed
by astronauts, had a maximum speed (mmax) of 1.1 m/s
and traveled a maximum distance of 3 km. An eﬀective sec-
ondary electron emission coeﬃcient of dobjeff ¼ 0:5 was
assumed for this insulating wheel (similar to insulating reg-
olith), and the photoemission from the wheel (determined
by photoelectron eﬃciency) is Jph = 4 lA/m
2. The LRV
had aluminum and titanium wheels with a radius of
0.409 m, was a joystick controlled “Moon buggy” with a
maximum speed of 4.4 m/s, and traveled a maximum dis-
tance of 36 km. The eﬀective secondary electron emission
coeﬃcient for the conducting wheel was assumed to be
dobjeff ¼ 0:9, and the photoemission from the wheel is
Jph = 40 lA/m
2. Table 2 shows the equilibrium potential
values relative to the surface potential, for both stationary
wheel types at each location, found using Eqs. (1) and (2)
given the ambient electron and ion current densities from
Table 1. We consider a total surface area of 0.13 and
0.59 m2 for the MET and LRV wheels respectively, neglect-
ing the sides and eﬀects from tread.
We note that the stationary insulating MET charges
more negative than the conducting LRV at each location
on the Moon. An object located on the lunar dayside will
be immersed in the same solar energy that reaches the sur-
face. However the object will also be aﬀected by the photo-
electron current emitted from its own surface. Table 2
shows that at this sunlit location, the insulating MET wheel
will reach an equilibrium potential very close to that of the
surrounding surface, while the conducting LRV wheel will
reach a potential slightly above that of the surface at
4.62 V. This is consistent with the photoemission from
the MET being very close to that emitted from the surface
while the photo-emission from the LRV is larger than sur-
ﬁcial photoemission, thus creating a larger diﬀerential
potential diﬀerence. On the dayside (with local surface
potential of  + 3 V), it takes 0.2 ms for the LRV and
0.5 ms for the MET to reach their stationary equilibrium
potentials. We conclude that in the photoelectric sheath,
Fig. 3. Rover charging equivalent circuit.
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tantly, these quick dayside dissipation times likely explain
the absence of strong electrostatic charging eﬀects during
the Apollo missions.
At the lunar terminator, the object will be in a region
where the surface potential transitions from dayside posi-
tive to night-side negative. The ground conductivity, while
very low on the dayside, continues to become exponentially
smaller with the transition into shadowed and night time
regions (r = 1014 S/m) due to a reduction in temperature
of the semi-conductor-like behaving regolith (Carrier et al.
1991; Farrell et al., 2008). Photoelectron currents no longer
dominate as on the dayside, leaving the electron and ion
currents from the passing solar wind as the dominant inci-
dent currents to the object. Due to the formation of the
plasma wake, an object at the terminator will be immersed
in a lower density solar wind plasma with increased elec-
tron temperature (Halekas et al. 2005; Farrell et al.,
2007). Just in shadow, the terminator region (with local
surface potential of 40 V) still receives enough plasma
to prevent large diﬀerential potentials. While the insulating
MET wheel will charge to about 4.1 V, the conducting
LRV wheel will only charge slightly negative relative to
the surrounding surface at 0.95 V.
A static object located in the plasma sheath deep on the
night side (SZA = 120 with local surface potential of
200 V) will be immersed in both the wake ambipolar
potential and near-surface sheath potential. Both of these
potentials retard thermal electrons, thus only the most
energetic electrons can propagate onto the nightside sur-
face (Farrell et al., 2008). Both the MET and LRV will
charge to values more positive relative to the surface poten-
tial compared to the terminator due to strong secondary
electron emission from the object itself. Secondary emis-
sion from the lunar surface incident onto the object surface
is also included in the calculation.
Consider now a rover within a lunar polar crater. An
object located within the polar crater will experience charg-
ing similar to that on the lunar nightside; when moving into
the crater, the object will lose access to photoelectric cur-
rents and experience greatly reduced solar wind plasma
currents due to topographic obstruction. The greatest solar
wind loss occurs at the crater wall where the wall surface
normal points parallel to the solar wind ﬂow
(Zimmerman et al. 2011). At this leeward location, there
are substantially more secondary electrons emitted from
the surface within the crater compared to the nightside
(since the driving bulk solar wind electron population is
tenuous but more dense here than deep on the nightside),
the object potential will be substantially more negative
due to the electron-rich content of the plasma (containing
both solar wind and secondary electron ﬂuxes). At the
downstream wall of the crater (wall normal opposite to
ﬂow), the object will have access to a larger fraction of
deﬂected solar wind ions which remediates charge buildup
more eﬀectively than at the leeward, shadowed edge just
downstream of the obstruction.Fig. 3 illustrates the rover tribocharging system, where
the rover is modeled as a capacitor. The triboelectric cur-
rent source is represented by a switch where active tribo-
charging takes place when the switch in the ﬁgure is
closed. The surface regolith and ambient plasma represent
connections where charge can potentially dissipate.
When in motion, this rover tire will experience tribo-
charging due to direct contact with the lunar regolith. This
creates a dynamic charging situation (i.e., non-equilibrium)
by introducing a source current to the system that is depen-
dent on a number of variables i.e., grain distribution, speed
of motion, charge exchange eﬃciency between materials.
We formulated a charge continuity equation from that
derived in Farrell et al. (2010) that is applicable to the sur-
face of the rover tire, now including a triboelectric source
term, S(t):
C
d/obj
dt
¼ JeenvA 1 dobjeff
 
e
e/obj
kT e  J ienv A
2
þ J senvAe
e/obj
kT s
 C /obj
sR
þ SðtÞ for / < 0 ð3Þ
A complementary charge continuity equation is formu-
lated for an object located on the dayside:
C
d/obj
dt
¼ JeenvA J i A
2
e
e/obj
kT i  JpobjAe
e/obj
kT p
þ JpenvA C
/obj
sR
þ SðtÞ for / > 0 ð4Þ
where C is the capacitance of the system being charged, A
is the current collecting area, sR is the dissipation time into
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is variable in time. As the rover tire and underlying dust
become charged, S(t) is modiﬁed by dust sticking to the
wheel. This sticking dust will limit the amount of tribo-
charge collected onto the system by changing the nature
of the interactions from wheel/regolith to regolith/regolith.
This dust sticking function is included in S(t) (described in
the next section). Once the tire triboelectric source term is
constructed, the model will be run for diﬀerent locations
(i.e., plasma environments) including the lunar dayside,
near the lunar terminator, leeward of a polar crater edge,
and at the far edge of that crater.
One can consider some general aspects of Eqs. (3) and
(4). For example, consider rover tire charging in a perfect
vacuum, such that the currents, J, in these equations are
zero. In this case, the tire steadily charges as it rolls and
does not dissipate any charge upon stopping. The total
charge on the tire is then SoT, where So is charge rate
and T is the total duration of the trip. Consider now S large
and negative, with the tire in a vacuum but now capable of
its own photoelectron emission. Initially, the tire will
charge at a rate near So, but after it stops, the tire will dis-
sipate charge via photoelectron currents at 4–40 lA/m2
depending upon the exact makeup of the tire surface. As
we will demonstrate in this section, photoelectron currents
are relatively large and can quickly dissipate a negatively
charged tire. However, the same charged tire placed within
a shadowed polar crater can only dissipate its negative
charge via positive solar wind ions in the local environ-
ment. At ambient current densities of nA/m2 in shadowed
regions compared with dayside photoelectron ﬂuxes of
lA/m2, dissipation of the tribocharged wheel takes
10,000 times longer in shadow than in sunlight. Photoelec-
tron currents dominate dissipation at lit locations and
plasma currents dominate in unlit regions since ground
conductivity is so low, therefore the C
/obj
sR
term is not
included in the model.
2. Charging model for a roving wheel
The charging model presented herein examines the
amount of charge accumulated on both the MET and
LRV wheels, including the plasma-related charge dissipa-
tion times in the context of the local environmental cur-
rents at the lunar dayside, terminator region, night side,
and within a polar crater. We will also test charging and
dissipation of each wheel moving along at various angular
velocities i.e., x = 0.02p, 0.2p, and 2p rad/s. While envi-
ronmental plasma, photoelectron, and secondary electron
currents to the wheel are known (listed in Table 1), the
wheel–regolith tribocharging source needs to be formulated
and is described below.
2.1. Wheel tribocharging source
As with an astronaut walking on regolith (Jackson et al.
2011), we consider a dynamic situation (rolling wheel) withan active tribocharging source term in the charging expres-
sions. In this model we also include the eﬀect on tribo-
charging by subsequent dust cohesion onto the wheel. In
the astronaut charging model (Jackson et al. 2011), the
tribocharging source term was an expression to describe
the cadence for added tribocharge, while in our current
case of a rolling wheel, tribocharge is added to angular seg-
ments of the wheel, changing the total accumulated object
potential as it rolls along. In a general form the tribocharg-
ing source to the wheel is
SðtÞ ¼ f wI t ð5Þ
where It is a triboelectric generated current applied to the
portion of the tire fw that is tribocharging at any given
moment (we assume that 1/6 of the wheel is in contact
with the regolith at any instant). The current It to the wheel
segment is a function of the grain sizes that are in contact
with the wheel. We consider a distribution of grain sizes
from small (rgs  5 lm) to large (rgl  2 mm), with Ng(rg)
deﬁning the number of grains contributing to the triboelec-
tric charge exchange in a range rg ± rg. The triboelectric
current is thus deﬁned as:
I t ¼
Xrgl
rgs
NgðrgÞDqðrgÞrwx
Lw
ð6Þ
where rw is the radius of the wheel, Lw is the length of the
segment of the wheel in contact with the regolith, Dq(rg) is
charge exchange for grains of size rg (Desch and Cuzzi,
2000) and x is the angular velocity of the wheel (rota-
tions/s).
Since charge exchange from individual grain contacts
with larger bodies varies as Dq rg
   2700B rg
 
eU0 we
must consider two cases: dust hitting bare wheel (alumi-
num or rubber), and dust hitting other grains that have
adhered onto the wheel. The parameter U
0
denotes a nor-
malization of the contact potential diﬀerence for materials
in the triboelectric series and is calculated using the expres-
sion DUCP/2 (Desch and Cuzzi 2000; Jackson et al., 2011).
The contact potential diﬀerences were calculated for alumi-
num–regolith, rubber–regolith, and regolith–regolith inter-
actions. Aluminum lies closer to quartz-like regolith on the
triboelectric series than rubber and therefore the LRV has
a smaller contact potential diﬀerence that the MET at U
0
-
 0.85 V and U0  1.2 V respectively. For the regolith–reg-
olith interactions, U
0
may be non-zero but very small since
materials of similar composition may still exchange charge
in both directions (Forward et al. 2009; Lacks and Mohan
Sankaran 2011). However we will assume U
0  0 V for the
sake of consistency. Note that increasing this U
0
causes the
system to take longer to return to an equilibrium value,
especially when rolling at faster speeds. By knowing the
grain composition and distribution, the charge contribu-
tion of each grain size can be determined, as well as which
grains are most likely to stick to the system.
The number of grains incident with the wheel Ng(rg)
in each grain radius range rg ± rg is derived from the
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(1991). The mass distributions were converted to an area
number density (#/cm2) in each radius range and this
distribution is scaled to the area of the wheel in contact
with the surface to determine Ng(rg). Fig. 4 shows the
number of grains for each grain size in the distribution that
comes into contact with the wheel.
While grains at or below 5 lm make up only 5% of the
fractional mass, they in fact dominate the particle count
and thus triboelectric charging. As the wheel rotates, the
adhering dust takes up a larger portion of the wheel sur-
face, transforming the interaction at dust–wheel interface
from wheel–dust to dust–dust. The source term, now
including the fraction of the wheel with adhered dust, is
deﬁned by the following expression:
SðtÞ ¼ f w½f mItm þ f gI tg ð7Þ
where Itm is the tribocharging current between the regolith
and the wheel, and Itg is the tribocharging current between
the regolith and wheel-adhered regolith. The fraction fm,g
(where subscript m denotes fraction of dust hitting bare
wheel and subscript g denotes fraction of dust hitting
adhered grains) of wheel-adhering dust is chosen based
on a pre-determined fraction of sticking grains per rota-
tion. In essence, the wheel accumulates charge as it moves
through the regolith and dust will also adhere, eﬀectively
reducing the eﬃciency of the wheel–regolith tribocharge
generator. For modest tribocharging, the eﬀect of dust
cohesion and accumulation along with environmental
plasma currents will limit the total wheel accumulated
charge ensuring that excessive values are not obtained
(i.e., not an ESD hazard). However, as we demonstrate,
the ability of this limiting process is a function of locationFig. 4. Number of grains in contact with wheel segmeon the Moon. In plasma starved regions, like polar craters
and in nightside regions, the ambient plasma currents are
relatively small, and wheel–regolith tribocharging can
become anomalously large.
We note this approach is non-unique. This dust sticking/
adhesion to the wheel is treated as a free parameter, and
most test cases are set at a wheel area coverage of 10%
per rotation (such that after 10 rotations the entire wheel
is covered with dust). This method allows us to test
tribocharging eﬃciency under diﬀering dust adherence
conditions.
3. Results
The results of the charging model for a roving wheel are
obtained by solving Eqs. (3) and (4) with Eq. (7) including
the dust sticking expression and environmental plasma cur-
rents. In essence, for a roving wheel, we introduce environ-
mental aﬀects both from the regolith (sticking dust) and
from the tenuous plasma exosphere. Both MET and
LRV wheels are considered, examining the eﬀects of vary-
ing speed, location, wheel type, regolith grain size, and
stickiness factor.
Consider ﬁrst a tribocharging wheel with no environ-
mental inﬂuences from the dust or plasma. In this case,
the charge would steadily grow on the wheel to large val-
ues, ultimately creating an electrostatic discharge hazard
for an astronaut traversing near the tire after arriving at
a site. However, we also know that during the Apollo lunar
rover traverses that there were limited manifestations of
such extreme charging – the environmental eﬀects appar-
ently remediated the charge buildup. Hence, as we enable
plasma currents, ground conductivity and dust cohesionnt vs. grain radius for the MET and LRV wheels.
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the inﬂuence the environment has on the system. As we
describe below, the diﬀerence between sunlight and shadow
is substantial.
As a ﬁrst check, the model was run with time-dependent
wheel tribocharging enabled for only 20 s before stopping.
Each wheel would accumulate charge and then return to its
corresponding equilibrium value listed in Table 2. Table 3
shows the total dissipation times (i.e., time from turn oﬀ to
return to equilibrium) for each wheel type at various loca-
tions on the Moon traveling at diﬀerent speeds. It is evident
that the dissipation times on the dayside for both wheels
are extremely short regardless of wheel speed. This is due
to the photoelectron currents dominating charge remedia-
tion at this location. This quick dissipation explains why
ESD issues were not reported during the Apollo missions.
However, the long dissipation times in shadowed regions
suggest that there could be an excessive tire charging
build-up from roving. While the rubber MET wheel takes
substantially longer to dissipate than the aluminum LRV,
they exhibit the same discharging behavior, with dissipa-
tion times increasing with shadow and also increasing with
speed. For an angular velocity of x = 2p rad/s (1 rotation
per second) the MET wheel is traveling at 1 m/s and the
LRV wheel is traveling at 3 m/s.
Fig. 5. shows the results for the insulating MET and
conducting LRV wheels tribocharging over 50 s. These
results consider all grain sizes in the distribution, varying
wheel speed, and location with the initial dust sticking case
of 10% dust coverage on the wheel per rotation.
Fig. 5a–c show the insulating MET wheel potential while
Fig. 5d–f show the potentials for the conducting LRV
wheel. Fig. 5a and d correspond to the wheels traveling at
an angular speed of x = 0.02p rad/s (corresponding to a
horizontal speed of 0.01 m/s for the MET and 0.03 m/s
for the LRV), Fig. 5b and e represent a faster roll at an
angular speed of x = 0.2p rad/s (corresponding to a hori-
zontal speed of 0.1 m/s for the MET and 0.3 m/s for the
LRV), and Fig. 5c and f correspond at a fast roll at an angu-
lar speed of x = 2p rad/s (corresponding to a horizontal
speeds of 1 and 3 m/s for the MET and LRV respectively).
In spite of the smaller contact potential diﬀerence, the
larger LRV wheel charges at a faster rate than the MET,
reaching higher negative potentials. For both wheels,
increasing the speed causes the system to charge more neg-
atively at each location (i.e., the tribocharging current
becomes more dominant as the speed of the rover
increases). When located on the dayside, the object, regard-Table 3
Total dissipation time for tribo-charging wheels stopping after 20 s.
x (rad/s) Dayside all x Term Crater
0.02p 0.2p 2p 0.02p 0.2p
s (s) MET 4  104 0.8 1.2 750 2.6  103 1.7  104
s (s) LRV 4  104 0.4 0.8 528 780 1.2  104less of speed, will quickly settle to its equilibrium value due
to the fast dissipation times in the photo-electron domi-
nated plasma environment (see also Table 3).
When moving along at a slow angular velocity of
x = 0.02p rad/s, dust cohesion to the wheel prevents the
system from reaching excessively large potentials. Both
MET and LRV wheels return to their equilibrium poten-
tials rather quickly. However when located leeward of the
crater wall, it can take hundreds of seconds to reach equi-
librium. While rolling at an intermediate speed of
x = 0.2p rad/s, both wheel types charge to larger values
than for a slowly moving wheel, eventually settling at equi-
librium potentials within tens of seconds. In examining
Fig. 5b and e, the wheel in the crater (located at the leeward
edge) appears to charge to relatively large levels, but
plasma dissipation and a less eﬀective triboelectric (dust–
dust) interface eventually returns these values back to equi-
librium level but on times on the order of 103 s (i.e., over
the 50-s intervals shown, the wheel potentials appear ﬂat)
but in fact are decreasing with increasing time). We ﬁnd
that as speed increases, the rate of tribocharging is higher
than the rate of dissipation for longer intervals, until the
wheel becomes dust covered and the triboelectric genera-
tion switches from a wheel–dust to dust–dust interaction.
When rolling at a speed of x = 2p rad/s, both wheels
charge to substantial levels even at the terminator. Again,
the largest values approaching 5 kV are for the crater (lee-
ward edge) case in Fig. 5c and f. While the crater proﬁles
appear at nearly constant values after 3 s, the values are
in fact decreasing due to plasma dissipation and the less
eﬀective dust-dust triboelectric charge exchange. The
wheels eventually return to equilibrium values in 104 s.
The long times to return to equilibrium occur in shad-
owed regions (crater and nightside), and have direct implica-
tions for operations. Speciﬁcally, theMET, after traveling its
maximum distance of 3 km at its maximum velocity mmax,
would charge to a wheel potential on the order of 103 V.
At the leeward edge of a polar crater and in nightside
regions, an astronaut, would need to stay away from the rub-
ber wheel for 107 s to avoid an astronaut-wheel discharge.
Similarly, the LRV, after traveling its maximum distance of
36 km at its maximum speed would charge to103 V and an
astronaut would need to stay away from the metal wheel for
108 s. Ultimately, after traveling a distance, d the return
time to equilibrium becomes so large in shadowed regions
that precautions must be taken.
Fig. 6 shows the MET wheel potential with 10% regolith
wheel coverage per rotation, moving at medium speedFar edge Night
2p 0.02p 0.2p 2p 0.02p 0.2p 2p
7.8  104 0.8 19.6 3.6  103 92 820 7.8  104
3.9  104 0.4 7 2.6  103 4 476 5  104
Fig. 5. MET and LRV wheel potentials at the leeward crater edge, terminator, far edge, day side and nightside. Panel (a) and (d) correspond to an angular
speed of x = 0.02p rad/s, (b) and (c) correspond to an angular speed of x = 0.2p rad/s, and (c) and (f) correspond to an angular speed of x = 2p rad/s.
For an angular velocity of x = 2p rad/s the MET wheel is traveling at 1 m/s and the LRV wheel is traveling at 3 m/s.
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wheel.
Fig. 6a shows the potential for the MET wheel when
only the smallest regolith grain size of the distribution
(rg  5 lm) sticks to the wheel and Fig. 6b considers only
the largest grain size (312.5 lm). By examining the forces
on the grains it was determined that all grains <312.5 lm
stick to the wheel right away due to dominant cohesive
forces, while larger grains experience a dominant inertial
force and are thrown from the wheel. It can be seen in
Fig. 6 that smaller grains provide the greatest contribution
to the tribocharging current while larger grains contribute
less to the overall system potential. The total charge on
the system QtotðrgÞ is dependent on Ng(rg) and Dq(rg) and
varies as 1rg thus making the larger number of smaller grains
more potent charge generators. Therefore as the grain size
increases, the total wheel tribocharge decreases.
The dust sticking parameter is adjustable, and we vary
this parameter (Fig. 7) to show its eﬀect in the various
locations. In this case, we include all grain sizes active
on the system, for the MET wheel moving at a medium
speed.Fig. 7a shows the charge and dissipation behavior of the
MET wheel while experiencing a small amount of dust
sticking to the wheel. As described previously, this case
considers dust sticking at a rate of 10% of the wheel area
covered in dust per roll. Fig. 6b shows the case for high
sticking, i.e., 50% of the wheel area covered in dust per roll.
It can be seen that dust sticking aﬀects the overall triboelec-
tric properties in shadowed regions. When more dust sticks
to the system per wheel rotation, the overall accumulated
potential will be less since there is an overall increase in
wheel area having grain-grain interactions (grain–grain
interactions do not generate as much charge as the
wheel–grain interactions). Equilibrium return times
decrease at each location as the amount of regolith that
sticks increases. For example, at the far edge of the crater,
a MET wheel in a low sticking situation will charge to a
maximum of 80 V and takes about 20 s to return to equi-
librium, whereas that same wheel in a high sticking situa-
tion will charge to a maximum potential of 36 V, taking
around 7 s to return to equilibrium. While the potential
values are higher than those of the MET, the LRV displays
similar behavior with respect to dust sticking.
Fig. 6. MET wheel subject to a 10% per rotation dust sticking scenario considering (a) small grains and (b) large grains.
Fig. 7. MET wheel subject to (a) a 10% per rotation dust sticking and (b) a 50% per rotation dust sticking scenario.
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It is demonstrated that moving rover wheels will charge
substantially when located in plasma current-starved
regions such as a polar crater or lunar nightside due to
grain–wheel tribocharging interactions. As evident in
Fig. 4, charge buildup is directly related to the velocity of
a roving vehicle at locations where solar wind plasma ﬂow
is obstructed. Equilibrium return times at shadowed loca-
tions also greatly increase with velocity, with the largest
return times occurring for an insulating wheel leeward of
a crater edge. For comparison, a Van de Graaﬀ generatorcan produce 106 V, and an event such as walking across a
carpet can produce 104 V, while maximum voltages
reached by the MET and LRV wheels at their maximum
speeds within a lunar crater are both on the order of
103 V. High potentials and charge dissipation times can
possibly become an ESD hazard especially if an astronaut
immediately comes in contact with the rover wheel after
long traversals in shadowed regions.
We suggest that for rover travel in shadowed regions,
that a keep away zone be established about the wheel, in
order to minimize the likelihood of a wheel–system dis-
charge. There is some potency in a quick charge transfer:
1720 T.L. Jackson et al. / Advances in Space Research 55 (2015) 1710–1720A metal wheel charged to 5000 V with hold about
>107 C of charge. If a conductive piece on an astronauts
sub-system (grounded to the astronaut’s power system)
comes in contact with the wheel, a charge transfer in excess
of 10 mA will occur (for a 10 microsecond charge transfer)
or 0.1 A (for a 1 microsecond charge transfer). Such large
impulsive currents placed onto electrical system could cre-
ate failures in ESD-sensitive parts like FPGA, etc.
(Narendra et al. 2013).
A method for further remediating the charge build-up is
to ensure that there is electrical connection from the rover
tire (metal) to the larger rover body. In the calculations
herein, we assume the plasma return current collecting area
is that of the wheel area. However, if there is a conductive
path to the rover body, the plasma return current collecting
area increases by many times by using the rover body as a
plasma collection surface. In essence, as the wheel charges
up, plasma is drawn to the body to remediate the buildup.
As such, a metal wheel grounded to the rover chassis is
favored over an electrically isolated (ﬂoating) rubber wheel.
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